Pumpkin seed (Cucurbita pepo L.) is a nutritionally valuable food and a significant source of income globally. Pumpkin seeds are rich in oil, protein, unsaturated fatty acids and tocopherols, which are associated with improved human health. Understanding the genetic diversity among pumpkin accessions varying in seed nutrition traits is necessary for designing sound breeding strategies for developing superior cultivars. In the current study, 26 simple sequence repeats (SSR) markers were used to assess genetic relatedness among 29 C. pepo accessions varying in seed oil, seed protein, seed-coat phenotype, seed size and fatty acid composition. The SSR markers revealed 102 alleles averaging 3.92 alleles per loci and mean polymorphic information content (PIC) of 0.44. Eleven of the markers had a PIC of ≥0.5. Ward dendrogram and principle component analysis based on seed traits grouped the genotypes into two major clusters corresponding to subspecies pepo and texana, with all the reduced-hull accessions grouping within the former. Collectively, this data suggests wide phenotypic (seed traits) and genotypic variation within C. pepo that may be exploited to develop superior reduced-hull cultivars.
Introduction
Pumpkin (Cucurbita pepo) seed is an important source of nutrition and income in many countries around the world [1] [2] [3] . Pumpkin seed is rich in oil (>50% w/w) and is commercially exploited for production of high-premium vegetable oil, which is popular in Europe and Asia [4] . The seed is rich in phytonutrients that are associated with several health-promoting benefits. For example, the high level of unsaturation in the oil (>86%) [5] is linked to a reduced risk for arteriosclerosis and heart-related ailments [6] , while the antioxidants (tocopherols and tocotrienols) are associated with lowered risk for gastric, breast, lung, and colorectal cancer [7] [8] [9] . Pumpkin seed contains phytosterols, which are structurally similar to cholesterol, thus compete with body's cholesterol for absorption, hence playing a key role in lowering cholesterol levels and treatment of benign prostate hyperplasia [2] [10] . Furthermore, due to its high protein content (35%) [2] , pumpkin seed is also commonly used in animal feed to augment protein levels [4] .
In the U.S., pumpkin seeds are popular in trail mix snacks, as well as an ingredient in various foods and drinks [1] [11] . Pumpkin seed oil is sold in many health-food stores across the country [9] . As the market for niche healthy foods increases in the U.S., a concomitant increase in the demand for pumpkin seed and allied products is expected. Pumpkin seeds with reduced-hulls (hull-less) are preferred for snacking and oil production because they eliminate the need for de-hulling prior to use [7] . Although pumpkin cultivars with reduced-hull are commercially available in the U.S., they lack marketable fruit quality, often characterized by bland or bitter flesh and undesirable off-white color [12] . Consequently, these pumpkins are not popular among U.S. growers whose primary market requires superior flesh quality characterized by high brix, good flavor and orange color. As a result, a majority of reduced-hull seeds consumed in the U.S. are imported [12] . To expand the local supply of reduced-hull pumpkin seed in the U.S., it is important for plant breeders to develop dual-purpose pumpkins for use in both the production of hull-less seeds, as well as marketable flesh.
A key goal of the cucurbit breeding program at the University of Florida is to develop dual-purpose (reduced-hull and marketable flesh) pumpkins for the U.S. market by exploiting the wealth of genetic diversity within C. pepo. Initial assessment of the seed nutrition profile among 35 accessions of C. pepo revealed wide variation in oil (29.3% -48.4%), protein (19.4% -31.3%), and fatty acid content [palmitic (6.7% -12.6%), stearic (3.3% -7.6%), oleic (18.4% -46%) and linoleic (35.4% -64.1%)] and seed size [(seed length (9.94 -19.33 mm), seed width (6.74 -10.38 mm), and 10 seed weight (0.16 -2.87 g)] [5] . The 35 accessions included 26 Pumpkin, 4 Acorn, 1 Zucchini, 2 Straightneck and 2 Crookneck accessions, 26 of which had reduced-hulls, while nine had hulled seed phenotype. Information on the genetic diversity and multivariate patterns of phenotypic variation among these accessions would inform our breeding program best strategies for improving flesh quality and enhancing seed nutrition for dual-purpose pumpkins.
Previous genetic diversity studies in C. pepo have utilized a variety of marker types including allozymes, random amplified polymorphic DNA, amplified fragment length polymorphism, sequence-related amplified polymorphism, inter-simple sequence repeats, high frequency oligonucleotide-targeting active gene and simple sequence repeats (SSR) [13] - [19] . Among these, SSR markers are preferred due to high level of polymorphism, codominance and reproducibility [20] [21] . Principal component analysis (PCA) [22] on the other hand is a useful tool for exploring phenotypic variation to identify superior parents for use in crossing nurseries [23] .
The goal of the current study was to use SSR markers to determine the genetic diversity within a set of 35 C. pepo accessions varying in seed nutrition and seed size traits. In addition, the accessions were subjected to PCA to identify patterns of variation in seed nutrition and seed size traits to aid in selection of superior parents.
Materials and Methods

Plant Material and DNA Extraction
The 35 C. pepo accessions used in the current study were those analyzed for seed nutrition and seed size traits in our previous study [5] . Among these, six did not germinate or lacked seeds. Therefore, only 29 accessions were used for genetic diversity analysis, and included 22 Pumpkin, 2 Acorn, 2 Straightneck, 1 Zucchini and 2 Crookneck cultivars [5] . For each accession, five seeds were germinated in the greenhouse, and at the two true-leaf stage, three leaf punches were collected from three individuals and immediately frozen in liquid nitrogen. DNA was extracted using the E.N.Z.A kit (Omega Biotek, Norcross, GA) according to the manufacturer's instructions.
SSR Amplification and Allele Scoring
Twenty-six SSR primer pairs for C. pepo were used for diversity analysis (Table   1) was used for allele calling and size estimation.
Genetic Diversity Analysis
Pairwise dissimilarity matrix was calculated using Darwin software (v6.0) by Simple Matching coefficients with minimal proportion of valid data for each unit pair set to 90% [26] . The Ward method was used for cluster analysis [27] using 
PCA of Phenotypic Data
Patterns of phenotypic variation were examined using PCA in R [31] . Phenotypic data included seed nutrition (oil, protein and fatty acid content) and seed size traits (seed length, seed width, and seed weight) [5] . A correlation matrix between American Journal of Plant Sciences principle components and phenotypic traits was calculated, and a 2-dimensional plot was constructed in R to reveal clustering patterns. 
Results
SSR Analysis
Dendrogram
Ward dendrogram revealed two major clusters ( 
Genetic Distance
Genetic distance (GD) among all genotypes ranged from 0.08 to 0.76 ( Table 2) .
Within cluster 1 (C. pepo subsp. texana), the mean GD was 0.45, and was largest between Acorn and Straightneck cultivar groups (0.50), but lowest between Straightneck and Crookneck (0.35) ( Table 3 ). In cluster 2 (C. pepo subsp. pepo), the mean GD among accessions was 0.28, and was largest between PI 267660 and PI 506441 (0.53), but least between Baby Bear and Beppo cultivars (0.08) ( Table 2 ).
Principal Component Analysis
PCA analysis revealed that the first two principle components (PC) accounted for 65.58% of the phenotypic variation observed among the accessions (Figure 2 and Table 4 ). PC 1 had significant correlations with oil (0. Table 4 ). The scatter plot revealed that seed size traits (seed weight, seed length and seed width) associated positively with seed oil content, palmitic acid and stearic acid, but negatively with protein, oleic acid and linoleic acid. PCA showed that Beppo and Styrian pumpkin were superior in oil content and seed size traits among the reduced-hull accessions, while Delicata was superior in linoleic acid among the hulled accessions ( Figure 2 ). Based on PC 1 and PC 2, the genotypes clustered into two groups. Group 1 consisted of Pumpkin accessions with reduced-hull (C. pepo subsp. pepo), while group 2 consisted mainly of accessions with hulled seeds (C. pepo subsp. texana).
Discussion
The mean number of alleles per locus observed in the current study (3.92) falls within the range of that observed (3.0 -4.3 alleles/locus) across several genetic diversity studies in Cucurbita [16] [17] [32] [33] . The markers used in the current study revealed a high discrimination power (mean PIC of 0.44), and clearly between the two groups, with group 1 (subspecies pepo) accessions exhibiting superiority in oil, seed weight, seed length, seed width and palmitic acid. On the other hand, group 2 (subspecies texana) were superior in protein content. The positive association of seed size and oil content in the PCA suggested that the former is an important contributor of oil yield across genotypes, thus breeders may indirectly improve oil content in pumpkin by selecting for larger seeds [5] .
Generally, there was a narrow genetic diversity among the reduced-hull Pumpkin accessions and cultivars (mean GD = 0.28). To maximize genetic diversity, and consequently genetic gain in breeding programs, it is important to select parents most genetically divergent [35] . Among the reduced-hull Pumpkins, PI's 615142 and 615132 had the widest GD, and thus may be used as parents to maximize heterogeneity in the breeding population. Hybridization with cultivars of subspecies texana, such as Acorn, is also necessary to improve the flesh quality in reduced-hull pumpkins, particularly for North-American market [12] .
Overall, data reported here supports grouping of the accessions into two main clusters corresponding to subspecies pepo and subspecies texana, with all the reduced-hull germplasm clustering within the former. Phenotypic patterns of variation were revealed through PCA, with reduced-hull accessions exhibiting superiority in oil content and seed size. A breeding strategy involving hybridization of reduced-hulled accessions with Acorn type cultivars would improve flesh quality in the former.
